Raccoon polyomavirus (RacPyV) is associated with 100% of neuroglial tumors in free-ranging raccoons. Other tumor-associated polyomaviruses (PyVs), including simian virus 40 (SV40), murine PyV, and Merkel cell PyV, are found integrated in the host genome in neoplastic cells, where they constitutively express splice variants of the tumor antigen (TAg) gene. We have previously reported that RacPyV exists only as an episome (nonintegrated) in neuroglial tumors. Here, we have investigated TAg transcription in primary tumor tissue by transcriptome analysis, and we identified the alternatively spliced TAg transcripts for RacPyV. We also determined that TAg was highly transcribed relative to host cellular genes. We further colocalized TAg DNA and mRNA by in situ hybridization and found that the majority of tumor cells showed positive staining. Lastly, we examined the stability of the viral genome and TAg transcription by quantitative reverse transcriptase PCR in cultured tumor cells in vitro and in a mouse xenograft model. When tumor cells were cultured in vitro, TAg transcription increased nearly 2 log-fold over that of parental tumor tissue by passage 17. Both episomal viral genome and TAg transcription were faithfully maintained in culture and in tumors arising from xenotransplantation of cultured cells in mice. This study represents a minimal criterion for RacPyV's association with neuroglial tumors and a novel mechanism of stability for a polyomavirus in cancer.
P
olyomaviruses (PyVs) infect a wide range of species, including humans. In well-studied PyVs, such as simian virus 40 (SV40), the oncogenic large tumor antigen (LT) protein is necessary and sufficient to transform cells in culture and to create tumors in laboratory animals (1) (2) (3) . Despite this alarming potential, the typical result of most PyV infections is a détente of long-term, asymptomatic persistence in their host species (4, 5) . In 2008, Merkel cell polyomavirus (MCPyV) was discovered as a clonally integrated virus in human Merkel cell carcinoma (MCC), a rare but aggressive skin cancer (6) . This is now considered the first example of cancer attributed to naturally occurring PyV infection in humans (7, 8) . In 2010, raccoon polyomavirus (RacPyV) was identified in neuroglial olfactory tract tumors of free-ranging raccoons (9) . To date, 17 raccoon tumors, all of which harbor abundant viral genome, have been collected from the western United States. RacPyV DNA is comparatively low or undetectable in nontumor brain tissue of affected animals and in unaffected (non-tumorbearing) animals.
Like other PyVs, RacPyV has a circular double-stranded DNA genome of 5 kb with a noncoding regulatory region (NCRR) dividing the genome into the alternatively spliced early tumor antigen (TAg; nonstructural) region and the late capsid (VP; structural) region (9) . RacPyV is closely related to MCPyV at both the genome and protein levels, and they both fall within a monophyletic clade of viruses that some have called almipolyomaviruses, which encode either an overprinting "ALTO" protein or a similarly overprinted middle tumor antigen (MT) protein (10) . Almipolyomaviruses include PyVs that are causative for naturally occurring tumors. The RacPyV TAg gene encodes the same predicted immunomodulatory and cellular growth control domains as do other PyVs. However, proof that these gene products contribute to or cause neuroglial tumors in raccoons has so far been limited to epidemiologic data and comparative sequence analyses.
The RacPyV TAg gene encodes predicted large tumor antigen (LT) and small tumor antigen (sT) proteins. Several known oncogenic domains of PyV LT (a DnaJ domain and a retinoblastoma [pRB]-binding motif) and sT (protein phosphatase 2A [PP2A] binding motifs) are present as shown by sequence analysis (9) . SV40 LT and sT, along with constitutive overexpression of human telomerase and the H-ras oncogene, are sufficient for complete primary cell transformation in vitro (11) . However, all known PyVs, including those that have never been associated with naturally occurring tumors, encode these predicted oncogenic domains. Therefore, a robust collection of scientific evidence is needed to support the classification of RacPyV as a causative agent in raccoon neuroglial tumors. This is especially critical because RacPyV exists as an episome in raccoon brain tumors, whereas MCPyV is clonally integrated in MCC (9, 12) . As a minimal criterion for causality, regardless of its episomal state, we predict that the RacPyV genome and TAg transcription are consistently present in the tumor cell population. Additionally, TAg transcription and its function in tumors should be independent of productive/ lytic infection. In the case of MCPyV, this is a result of truncation of LT, either by sequence mutation or by site of integration (7, 13, 14) . This occurs at the expense of the structural proteins, which are not required for tumor formation or maintenance and are largely repressed in MCC (15) .
In this paper, we demonstrate that episomal RacPyV genome and TAg transcription are abundant in naturally occurring tumors and in a case with metastasis. Furthermore, cultured primary tumor cells inoculated intracranially into immunodeficient Nod-scid gamma mice form and recapitulate naturally occurring tumors seen in wild raccoons. In the xenotransplant and in further cell lines cultured from this tissue, episomal RacPyV genome is stable and unaltered and TAg transcript is abundant.
MATERIALS AND METHODS
Transcriptome sequencing. Next-generation sequencing (TruSeq) was utilized for whole-transcriptome analysis of two raccoon brain tumors (Rac 10 and Rac 12) and anatomical location-matched olfactory bulb tissues from two unaffected raccoons. Samples were submitted to the UC Davis Comprehensive Cancer Center's Genomics Shared Resource for RNA isolation, RNA sequencing (RNA-Seq) library preparation and validation, and next-generation sequencing. Rac 10 presented here is the same Rac 10 as that analyzed in the work of Dela Cruz et al., 2013 (9) . Detailed procedures are provided below.
RNA isolation. Total cellular RNA was isolated from raccoon brain tumors and normal olfactory bulb tissues (50 mg per sample) using the TRIzol reagent (Life Technologies, Carlsbad, CA) and a modified protocol that incorporates an additional extraction with phenol-chloroformisoamyl alcohol (25:24:1, pH 4.3). RNA quantity and quality were assessed on a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Westlake Village, CA), respectively.
Library preparation for RNA-Seq. RNA-Seq libraries were prepared from 1 g total RNA using the TruSeq RNA sample preparation kit (Illumina, San Diego, CA) according to the manufacturer's protocol. Briefly, polyadenylated mRNA was purified from total RNA and rRNA removed by two rounds of binding to magnetic poly(T) beads. This was followed by RNA fragmentation by incubation in the presence of divalent cations at 94°C for 5 min. Double-stranded cDNA was generated by randomprimed first-strand synthesis with SuperScript II reverse transcriptase (Life Technologies) and subsequent second-strand synthesis with RNase H and DNA polymerase I. The cDNA was then blunt ended with T4 and Klenow DNA polymerases to remove 3= overhangs and fill in 5= overhangs, phosphorylated with T4 polynucleotide kinase, and then 3=-A tailed by incubation with Klenow fragment (3=¡5= exo-) and dATP. Illumina paired-end adapters were ligated, followed by purification with AMPure XP beads. The library was enriched by high-fidelity PCR amplification (15 cycles) with Phusion DNA polymerase (Thermo Scientific) and adapter-specific primers. The molar concentration of the libraries was determined by measuring concentration with a Qubit fluorometer (Life Technologies), determining the insert length with an Agilent 2100 Bioanalyzer, and then using quantitative PCR (qPCR)-based quantification (KAPA library quantification kit).
Next-generation sequencing and data analysis. Indexed libraries were pooled and loaded on the cBot for cluster generation on TruSeq paired-end flow cells, and paired-end sequencing ( (ORF) . The structural gene was delimited by the start codon of the VP2 ORF and the stop codon of the VP1 ORF. All retained transcripts were requantified using RSEM and used as the final transcriptome assembly for subsequent analyses. Sequences were annotated via BLASTX (E value, Ͻ1eϪ9) against the UniProtKB/ Swiss-Prot database (January 2014 build).
(ii) Read alignment to RacPyV genome. TopHat v2.0.10 and Bowtie 2 v2.1.0 were used to align RNA-Seq reads to the RacPyV genomes and verify splicing events identified in the transcriptome assembly. Quality reads from the two tumor samples were aligned to their respective RacPyV genomes. Quality reads from the two normal olfactory bulb tissues were aligned to RacPyV strain R45 (GenBank accession no. JQ178241.1) (9) .
Histology and in situ hybridization. Tissues from nine raccoons (Rac 7, Rac 9, Rac 10, Rac 11, Rac 12, Rac 13, Rac 14, Rac 15, and Rac 16) were fixed in 10% buffered formalin, pH 7.2, for at least 48 h and then paraffin embedded. Mouse brains containing xenograft tumors (mouse A1 and mouse A3) were perfused with 4% paraformaldehyde (PFA), followed by overnight fixation and then paraffin embedding. For each tissue, 4-m sections were processed by standard histologic techniques. Colorimetric in situ hybridization (ISH) was performed on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA) by hand using the RNAscope kit (Advanced Cell Diagnostics, Inc., Hayward, CA) according to the manufacturer's instructions. Briefly, tissue sections were pretreated with heat and protease prior to hybridization with a set of probes complementary to nucleotides (nt) 966 to 2084 of RacPyV R45. A horseradish peroxidasebased signal amplification system was then hybridized to the target probes followed by color development with diaminobenzidine. Slides were counterstained with hematoxylin for 20 s and, following counterstaining, were dipped in xylene and covered with xylene-based SHUR/Mount coverslipping mounting medium (Triangle Biomedical Sciences, Durham, NC), and a coverslip was applied. Positive staining was identified as brown, punctate dots present in the nucleus and/or cytoplasm. Control probes for the bacterial gene DapB (negative control) and for the housekeeping gene ubiquitin C (positive control-evidence of adequate RNA) were included. The raccoon and mouse tissue (and control) slides were read by two veterinary pathologists (P.A.P. and M.E.C.) and classified as either positive or negative. There was no observed hybridization in replicate tissue sections incubated with scrambled (unrelated) probes with similar guanine-cytosine content (n ϭ 3), in normal brain tissue within the same section (n ϭ 6), or in brain tissues from RacPyV-negative raccoons (n ϭ 2). Positive cases had granular cell staining that was above the signal observed on the negative-control slides.
Raccoon cells and primary tumor tissue. Raccoon tumor tissue was collected within 3 h of euthanasia (Rac 14), mechanically homogenized, and cultured as previously described (16) . Briefly, tissue was enzymatically dissociated into individual cells and plated into NBE medium consisting of neurobasal medium (Life Technologies), N2 and B27 supplements (0.5ϫ each; Life Technologies), and recombinant human basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF) (25 ng/ml each; R&D Systems, Minneapolis, MN).
Southern blot hybridization and RCA. Southern blot hybridization and rolling circle amplification (RCA) were performed as previously described (9) for Rac 10. Briefly, DNA was extracted using a DNeasy kit according to the manufacturer's instructions (Qiagen, Valencia, CA). For Southern blot hybridization, 1 g of DNA, undigested or digested with KpnI at 37°C for 16 h, was electrophoresed on a 0.8% agarose gel. Separated DNA was transferred to positively charged nylon membranes (Roche, Indianapolis, IN) overnight by capillary action in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). DNA was UV crosslinked and subsequently hybridized with the RacPyV LT probe previously described (9) at 48°C for 16 h. Membranes were washed with washing buffer (0.1 mol/liter maleic acid, 0.15 mol/liter NaCl; pH 7.5; 0.3% [vol/ vol] Tween 20); developed with CDP-Star, ready-to-use (Roche), for up to 15 min; and visualized using a FluorChem E imaging system (ProteinSimple, Santa Clara, CA). RCA was performed on extracted DNA using TempliPhi (GE Healthcare Life Sciences, Piscataway, NJ) according to the manufacturer's instructions for plasmid DNA (1 ng extracted DNA, reaction mixture incubated at 30°C for 14 h).
Mice, xenotransplants, and xenotransplant culture. An intracranial orthotopic xenograft model was used to assess tumorigenicity of cultured cells. Six adult female NSG (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice were obtained from the UC Davis (UCD) Institute for Regenerative Cures and housed at UCD in accordance with AAALAC regulations. All procedures were reviewed and approved by the UCD Institute for Animal Care and Use Committee. Cells from the raccoon tumor-derived primary cell line (Rac 14) at passage 2 were resuspended in phosphate-buffered saline (PBS), and 5 l containing 150,000 cells was injected per mouse stereotactically into the striatum (coordinates: 2 mm anterior, 2 mm lateral to bregma, 2.5 mm deep from dura). There was no injection-associated morbidity or mortality. Mice were monitored for weight loss and euthanized at 20% decrease in body weight in accordance with the UCD humane endpoints. Two mice (mouse A2 and mouse A5) were immediately flashfrozen upon euthanasia, and tumors were used for virus DNA sequence verification and homogenized for culture, as described above. Two additional mice (mouse A1 and mouse A3) were perfused, and tissues were immersed in 4% PFA, followed by paraffin embedding, as described above for histology.
PCR and qRT-PCR. DNA from tumors Rac 10 and Rac 12 and from xenotransplant mouse tumors mouse A2 and mouse A5 was extracted using the DNeasy kit as described above (Qiagen). All DNA was amplified by PCR using RacPyV-specific primers, and amplicons were sequenced on an ABI 3730 sequencer (Applied Biosystems, South San Francisco, CA). RCA was performed on both mouse tumors as described above. Total RNA was extracted from Rac 10 and Rac 12; cultured tumor cells from Rac 14 at passage 5 (p5), p10, and p17; and cultured xenotransplant cells from mouse A2 and mouse A5 using the RNeasy kit according to the manufacturer's instructions (Qiagen). RNA was extracted from RacPyV-negative cultured raccoon cortical astrocytes as a negative control. Quantitative reverse transcriptase PCR (qRT-PCR) was performed on an ABI 7300 real-time PCR system (Applied Biosystems) according to the manufacturer's instructions using a probe spanning the exon1/exon2 junction of LT. All samples were assayed in triplicate. The relative quantity of target transcripts was normalized to the number of mammalian 18S rRNA transcripts found in the same samples. The relative quantitation of target gene expression was performed by calculating the comparative cycle threshold (C T ). To verify the mouse brain tumors as true xenotransplants and not primary virus-induced mouse tumors, DNA from two mouse tumors and from the same animals' unaffected brains were extracted as described above and analyzed by PCR using mouse mitochondrial DNA-specific primers.
RESULTS
All raccoons and mice presented in this study are summarized in Table 1 .
RacPyV T antigen is highly transcribed in raccoon neuroglial tumors. To investigate RacPyV gene transcription, the tumor tissues of two affected RacPyV-positive raccoons (Rac 10 and Rac 12) were selected for RNA-Seq analysis. Anatomically matched, RacPyV-negative olfactory bulb tissues of two raccoons were included as negative controls. Transcripts were quantified using RNA-Seq by expectation-maximization (RSEM) and annotated using BLASTx homology to the UniProtKB database, and 13,473 protein-coding genes were identified. RacPyV transcripts were detected in both tumor samples, and none were detected in the negative controls.
The two tumor transcriptomes share many common features. With respect to the total polyadenylated RNA population, RacPyV TAg is highly expressed (Fig. 1) . In Rac 10 and Rac 12, TAg transcription is estimated to be 61.25 and 532.50 transcripts per million (TPM), respectively. RacPyV structural (VP) gene transcription is reduced relative to that of TAg, estimated at 7.42 and 10.56 TPM in Rac 10 and Rac 12, respectively. Of the 13,473 total genes identified, TAg transcription ranked as the 155th and 2,166th most abundantly transcribed genes and VP ranked 8,784th and 9,339th, respectively. 
The TAg gene of PyVs encodes a single transcript that is differentially spliced to form numerous proteins necessary for cellular modulation, viral replication, and late gene transcription. While all PyVs encode LT and sT, they also encode a host of other transcripts that are virus specific. In order to determine the range of TAg isoforms generated by tumor-associated RacPyV, we fractionally quantified the TAg transcripts constructed in the de novo transcriptome assembly and identified their respective ORFs. Rac 10 and Rac 12 contain different genomic deletions within the LT intron region; consequent transcripts that retain elements of this intron produce unique, tumor-specific TAg ORFs. In general, several isoforms were identified, including LT, sT, MT, and a novel 35kT.
The full-length LT isoform comprises the majority (64% to 66%) of TAg species and encodes the LT-associated motifs classically observed in other polyomaviruses, including the DnaJ domain, the pRB-binding domain, the origin binding domain (OBD), and the helicase domain (Fig. 2) . In MCC-associated MCPyV, signature mutations in the viral genome prematurely truncate the LT ORF (7). Similar mutations have not been observed in the genomes of tumor-associated RacPyVs (9). However, a truncated LT ORF may be produced by a subpopulation of mutated RacPyV genomes. To determine if LT ORFs are prema-
FIG 1
TAg mRNA abundance is high relative to RacPyV VP gene and to total gene transcription in tumors. Total RNA was extracted and filtered for polyadenylated RNA from two RacPyV PCR-positive tumor samples (Rac 10 and Rac 12) and two RacPyV PCR-negative-control olfactory bulbs. RNA was sequenced on an Illumina HiSeq 2000, and pooled quality reads were de novo assembled to produce a transcriptome that identified 13,473 protein-coding genes. Transcripts were quantified using RSEM, and genes from the tumor samples were plotted in order of decreasing TPM. Asterisks and inverted triangles indicate RacPyV TAg and VP genes, respectively. turely truncated, quality reads from tumors were aligned to the constructed LT isoforms and examined for single nucleotide polymorphisms (SNPs) that would prematurely truncate LT. No polymorphisms were detected, suggesting that LT is intact in these tumors. Rac 12 LT contains an intron that splices 7 amino acids out of the helicase domain. This 21-nt intron is estimated to be present in all Rac 12 TAg transcripts but would alter only LT at the level of translation.
The sT isoform is unique in each tumor as a result of differential splicing and genomic composition. In Rac 12, the sequence immediately prior to the sT splice donor site, which is observed in Rac 10, is absent due to the genomic deletion of 522 to 544 bp. Furthermore, no stop codon exists in the Rac 12 LT intron prior to the homologous Rac 10 sT intron sequence, and so a conventional sT ORF does not exist in Rac 12. However, transcripts retaining the LT intron encode an sT ORF defined by a downstream stop codon in the remainder of the LT intron. In Rac 10, the deletion of nucleotide 385 produces a truncated sT ORF that includes only the first of two protein phosphatase 2A (PP2A) binding motifs; the Rac 12 sT ORF includes both of these motifs.
An MT isoform is identified uniquely in Rac 12. The intron observed in Rac 10 sT is also present in Rac 12. However, due to the deletion of 522 to 544 bp in Rac 12, an MT ORF is observed. Similar to the MTs observed in murine PyV, RacPyV MT encodes the DnaJ binding domain, PP2A binding motifs, and the ALTO ORF. No reads spanning the MT intron were observed in Rac 10.
A 35kT isoform is identified uniquely in Rac 12. The 35kT ORF encodes a predicted 35-kDa protein and shares common domains with the similarly designated MCPyV 57kT and SV40 17kT. All three of these proteins contain the DnaJ binding domain and pRB-binding domain. Additionally, their ORFs span three exons by utilizing the LT splice junction and a second downstream splice junction (7, 17) . Similarly to MCPyV 57kT, 35kT encodes its exon 2/exon 3 junction within sequences encoding the LT OBD and helicase domains, respectively. Similar to 17kT, the third exon of the 35kT ORF is out of frame with respect to the LT ORF and terminates shortly after the splice junction. No reads spanning the second 35kT intron were observed in Rac 10.
RacPyV TAg gene and transcript localization in neuroglial tumors by in situ hybridization. In order to examine spatial, semiquantitative, and cell-specific distribution of RacPyV DNA and mRNA, we performed in situ hybridization (ISH) on nine RacPyV tumors using a set of probes complementary to nt 966 to 2084 (exon 2 of LT). The first 320 nt of this region are shared among all predicted splice variants, so this assay can recognize all TAg isoforms. Recognition of transcript alone by ISH is not possible, because RacPyV is a double-stranded DNA virus. Therefore, signal is representative of both viral DNA and mRNA. In one case (Rac 13) where the brain tumor had metastasized to multiple other viscera (lymph node, adrenal gland, and liver), both brain tumor and liver metastases were tested.
TAg ISH was positive in all nine cases, with regionally variable staining in up to 70% of tumor cells (representative subset shown in Fig. 3) . No background staining was detectable in any of three different negative-control methods (unrelated size-matched probe, normal brain tissue within the same section, and unaffected raccoons). Colorimetric deposit was primarily detected within the nucleus of the tumor cells; however, signal was often strong, and the deposit frequently exceeded the visual boundary of the nuclear membrane (Fig. 3B, D, F, and H) . In areas of tumor where morphology was regionally variable, signal abundance was variable as well (Fig. 3A to F) . In areas of necrosis, remnant tumor cells surrounding vascular beds showed particularly strong staining ( Fig. 3C and D) .
In Rac 13, there was increased abundance of signal in the metastatic cell population of the liver compared to the primary tumor ( Fig. 3F and H) . Regional staining in the brain tumor on average showed robust staining in 5 to 10% of cells but with approximately 50% of cells showing punctate staining, whereas 100% of the metastatic cells contained robust detectable signal.
A primary cell line cultured from neuroglial tumor retains both episomal viral genome and TAg transcription. We have previously established by two methods (rolling circle amplification [RCA] and Southern blot hybridization) that RacPyV DNA exists as a circular episome in raccoon neuroglial tumors (9) . To determine the stability of episomal RacPyV, we generated an in vitro culture of tumor cells and examined the maintenance of viral genome and transcription of TAg. Tumor tissue from Rac 10 and cultured cells from Rac 14 were homogenized for Southern blotting. Only episomal, full-length viral DNA was detected (Fig. 4A) . The corresponding RCA analysis on both these cells and negativecontrol cells (cultured RacPyV-negative cortical astrocytes) indicated episomal RacPyV DNA in the tumor tissue and cells only (Fig. 4B) .
To verify that tumors and cultured tumor cells were able to transcribe TAg mRNA, quantitative reverse transcriptase PCR (qRT-PCR) was performed on two tumors, Rac 10 and Rac 12, and cultured cells from Rac 14 at p5, p10, and p17. A probe complementary to the LT exon 1/exon 2 splice junction was used. This probe excluded detection of sT and MT transcripts but included all other TAg isoforms. Cultured RacPyV-negative cortical astrocytes were used as a negative control. Using 18S rRNA as a control for cellular input, TAg was highly transcribed in Rac 10 and Rac 12, demonstrating 25-and 15-fold increases over cortical astrocytes, respectively (Fig. 5 ). TAg transcription increased over time in cultured cells from Rac 14, from approximately a 1,200-fold increase over baseline tumor transcription at p5 to approximately a 3,000-fold increase by p17.
Xenotransplants in immunodeficient mice and a subsequent primary cell line stably maintain RacPyV TAg and recapitulate original tumor. We next tested whether this tumor could be reproduced in vivo, and, if so, if this selective environment would affect the stability of RacPyV genome or TAg transcription. We injected a minimally expanded primary cell culture (p2) from Rac 14 orthotopically into six immunodeficient (Nod-scid gamma) mice. Tumors formed in all six mice, with a median survival time of 61 days (Fig. 6 ). Based on mitochondrial DNA amplification and sequencing, tumor tissue was of raccoon origin and not a result of de novo viral infection and transformation (data not shown). Two xenograft tumors (mouse A2 and mouse A5) tested positive for RacPyV genome by PCR and/or RCA. Virus was sequenced and matched the parental tumor with perfect sequence identity (data not shown).
Sublocalization and abundance of viral genome and TAg transcripts were assessed by ISH in 2 mice (mouse A1 and mouse A3) and compared to the Rac 14 parental tumor. ISH in xenotransplants recapitulated the distribution and quantity of signal seen in the raccoon tumor tissue (Fig. 7) . Like Rac 14, morphology was regionally variable in the mice and TAg expression was similarly variable, with staining in up to 70% of cells ( Fig. 7B and D) .
To verify and quantify TAg gene expression, qRT-PCR was performed on cells cultured from mouse A2 and mouse A5 using the probe for RacPyV TAg as described above. As seen with cells cultured from primary raccoon tumor, low-passage-number (p2) cells from each xenotransplant demonstrated an increase above parental tumor, showing ϳ300-and ϳ100-fold increases, respectively (data not shown).
DISCUSSION
RacPyV is associated with all neuroglial tumors found to date in free-ranging raccoons and has the potential to provide a natural model for PyV-mediated tumorigenesis. These tumors maintain the virus genome and express high levels of TAg mRNA even when subjected to selective or foreign environments, including passage in culture and growth in immunocompromised mice. Overall, this study provides evidence for RacPyV TAg as a necessary driver of raccoon neuroglial tumors.
While the positions of introns are similar in RacPyV TAg compared to other PyVs, the resulting ORFs are different, both between RacPyV tumors and between RacPyV and other PyVs. The differences seen in RacPyV TAg introns compared to other PyVs could explain differences in viral replication or transcription in neuroglial tumors. However, because these differences in sequence (including SNPs and deletions) are not consistent among viral isolates, they are unlikely to be important for the formation or maintenance of tumors. Limitations of transcriptome analysis include the detection of preprocessed mRNA, which could explain some of the differences in introns seen in this study. Additionally, short reads cannot be assigned to their parent transcripts when those reads are ambiguously mapped (multiple reads which could map to one of several transcripts). However, we can calculate percent abundance of transcripts by using the RNA-Seq expectationmaximization, a statistical model that proportionally allocates ambiguous reads based on unambiguous (uniquely mapped) reads (18) . Despite our ability to calculate percent abundance of transcripts, mRNA is a proxy for protein expression and isoforms seen by transcript analysis are not necessarily translated in abundance. Further work is needed to detect protein isoforms present in these tumors.
In both Rac 10 and Rac 12, TAg is highly transcribed relative to VP, and LT is the dominant isoform of TAg transcribed. The disproportionately high level of TAg transcription relative to VP transcription occurs without an apparent truncation in LT by either a mutation or an integration event. Among potential mechanisms for this control are those used by other viruses, including sequence rearrangements in the NCRR in disease-associated compared to shed virus, histone deacetylase-or DNA methyltransferase-mediated gene silencing, and virus-or host cell-encoded microRNA-mediated silencing (19, 20) . The ALTO transcript cannot be verified because its ORF is contained within all other TAg transcripts. Furthermore, we cannot currently determine whether or not the protein is expressed.
In other known carcinogenic viruses, including MCPyV and papillomaviruses, integration is considered an early and critical step in transformation (6, 21) . In these cases, integration serves at least two purposes: to stabilize the virus genome so that it is faithfully segregated in replicated cells and to inhibit productive/lytic infection via decreased expression of structural proteins in the cell, favoring instead early gene expression (14, 22, 23) . Here, we have shown that both maintenance of viral genome and selective TAg (and not VP) transcription occur in tumors in the absence of integration. Many other viruses are able to maintain genome segregation without integration in dividing populations of cells. Potential alternative mechanisms by which RacPyV achieves this are abundant. Among these, the virus could use physical genome stabilization within these tumors, such as chromatin tethering, as seen in papillomavirus or herpesvirus infection (12, 24) . Alternatively, regardless of physical genome stabilization, virus could be selected for by the cells carrying it, to the exclusion of cells dividing at a lower rate (cells which either have not replicated viral genome or have insufficient TAg expression).
In addition to analyses that demonstrate the presence of RacPyV genome and TAg transcription, we performed ISH, which allows direct visualization of TAg mRNA and DNA in tissue. The tumor cells had regionally variable staining, with most of the cells strongly positive. In the single raccoon in which tumor cells had metastasized to other organs, staining was consistent and robust in all of the metastatic cells within the liver. Unfortunately, metastatic tissue available was fixed and embedded and was of insufficient quality to perform Southern blotting or RCA analysis to determine if viral genome had integrated in this singular case.
Our data are highly suggestive of the requirement for RacPyV and specifically TAg in the development and maintenance of neuroglial tumors. Identification of TAg protein isoforms present in tumors and protein-protein interactions between TAg and host cellular proteins will prove useful in evaluating novel mechanisms of polyomavirus stability in tumors and will contribute to a scientific understanding of virus-associated transformation. In representing the only nonhuman spontaneous PyV-associated oncogenic transformation, the RacPyV/neuroglial tumor relationship could serve as a natural model of recognized and potentially novel mechanisms of PyV-associated oncogenesis.
